Abstract--We describe the development of a large area neutron detector based on a pulse-mode ionization chamber lined with 6 Li foil in a low-cost housing of HDPE (High Density Polyethylene) that serves as the moderator. The use of inexpensive materials, technology for mass production and simple construction, which integrates the basic components of the sensor together, results in a substantial cost reduction. For a given sensor size, detection efficiency, or counting time, the proposed detector is expected to provide an order-of magnitude cost reduction compared to current neutron detection technology. This paper describes the detection concept including the optimization of the design using neutron transport calculations. It also gives experimental results on some prototype units using neutron and gamma sources. The properties affecting long term counting stability are discussed. An approach to reduce the effect of outgassing from the HDPE body is suggested.
I. INTRODUCTION
he goal of this paper is to describe the development of a low cost, high efficiency neutron detector for Homeland Security applications (http://www.lanl.gov/quarterly/q_sum03/neutron_detect. shtml) . Large area neutron detectors are usually gaseous or scintillation thermal neutron detectors combined with a moderator. Gas detectors are superior to scintillation neutron detectors in terms of stability, price per unit efficiency and suitability for mass production. Even though scintillation detectors potentially have higher efficiency than gas detectors, expensive PM tubes and necessity of complicated gamma/neutron separation makes them less attractive. The widely used 3 He proportional counters would be the ideal detector for thermal neutrons if their cost allowed implementation on as large a scale as homeland security requires. _______________________ The cost is driven by the detector itself (high cost for 3He gas and technology requirements for proportional counters) and by the construction of the neutron detector assembly (moderator, 3 He tubes and hermetically sealed electronics compartment). 6 Li foil thermal neutron detectors are an attractive alternative to currently-used 3 He proportional counters. There have been several design attempts for such a detectors: a 6 Li parallel plate neutron detector using a multi-wire proportional counter was designed and evaluated [1] . Because of the very high capacitance of the collecting electrode and microphonics caused by the vibration of the 6 Li foil, gas multiplication of the order of thousands was used, the gain stability and sensitivity to the gas composition became an issue and the concept was dropped. Young et al. [2] patented a concept of a proportional counter with a plastic body for lower weight, but never proved it in prototype. Recently Engels et al. [3] built a parallel 6 Li foil thermal neutron detector, but both charge collection and efficiency showed serious discrepancies between measured and expected results.
II. THE DETECTION CONCEPT
The weight and size of large area gaseous neutron detectors are dominated by the bulky moderator of High Density Polyethylene (HDPE) rather than the thermal neutron detector itself. In addition to one of the highest contents of hydrogen atoms per unit volume, this material possesses good mechanical properties like stiffness and toughness and can be processed in complicated forms by methods used in mass production, such as injection molding or machining. This allows the integration of moderator, capturing material, gas detector and associated electronics into a single body of HDPE. The concept for a gas detector with a HDPE body lined with lithium foil limits the detector's temperature range below that of structural changes in HDPE (100 0 C). The level of cleanliness is therefore less than that achievable by baking and pumping of proportional gas detectors. A simpler and more forgiving technology -a pulse-mode ionization chamber -is implemented here. The intensity of the electrical field is selected to provide sufficient strength on the emitting surface for good separation of the ionized particles while keeping the field strength at the anode far below the threshold for gas multiplication. The conceptual drawing of single detection cell is shown in Fig. 1 Fig. 1 Conceptual design of the single cell prototype
All surfaces of the HDPE lid (16) and cup (6) are metalized except the welding area (7) . The inner surface of the cup and lid form the cathode (1) of the ionization chamber, where the metal film serves also as a gas barrier. The outer metalized surface is connected to ground, serving as a electrostatic shield and permeation barrier to the outside environment. The HV bias of the cathode is provided through the fill gas line. The chamber volume is sealed by an "O" ring (8) and filled with the working gas (4) at one atmosphere absolute pressure. The spherical anode (2) is mounted on a sturdy, vibration-insensitive feed-through insulator (3) preassembled on the lid. This again reduces vibration susceptibility. The cathode and associated HV circuitry are embedded in the HDPE, the protruding anode (signal) wire is at ground potential, and therefore the design is inherently resistant to such environmental factors as humidity and condensation. The spherical or quasi-spherical geometry utilizes the whole inner surface as a particle-emitting electrode and minimizes the capacitance of the anode. This maximizes the neutron efficiency and the signal to noise ratio. Additionally, the reactive lithium metal serves as a natural getter for the gas impurities with electronegative affinity (O 2 , H 2 0, F 2 ). The design concept allows easy scaling to a 3-D array of cells for good coupling between neutron moderation and capture ( Fig.2) . The design concept of Figure 2 is based on two layers of cells,, where the honeycomb-shaped body forms the detection cell cavities and the two lids with preassembled electrodes seal the detector. The spherical anodes are preassembled on the lids, thus simple assembly is possible immediately after the lamination with lithium foil. A patent application has been filed for the whole detection concept [4] .
III. NEUTRON DETECTION EFFICIENCY
Neutron transport calculations have been carried out to optimize the design of the detector. The detection efficiency is the product of the 6 Li reaction rate and the escape probability for the resultant triton and alpha particles. Figure 3 shows the relative neutron detection efficiency as a function of the thickness of the lithium metal layer. The optimum lithium thickness is 20-30 microns. The neutron efficiency was calculated for a parallel beam of 252 Cf neutrons incident over the full front surface. The thickness of the rear HDPE was varied with a fixed front thickness. This showed that the efficiency increased up to a HDPE thickness of 10 cm. The front thickness was varied for a fixed rear thickness. This showed a maximum in the efficiency at around 4 cm thickness. These results are plotted in Figure 5 for an interlayer spacing of 3.81 cm, which gave the highest efficiency from the range of interlayer thicknesses calculated (2.54 -7.62 cm). Also plotted in Figure 5 (solid curve) is the efficiency as a function of front HDPE thickness with 10cm rear thickness. This shows that with a front HDPE thickness of 2 cm the efficiency reaches its maximum value of 11.5%. This is approaching the value calculated for 4-atmosphere pressure 3 He tubes embedded in a similar moderator. Other calculations have been carried out for the case of the single-cell prototype with a point 252 Cf source. The calculated detection efficiency in this case was 1.2%, within 10% of the measured efficiency, which gives confidence in the accuracy of the modeling and shows that we understand the way the detector is operating. 
IV. DESIGN OF SINGLE CELL PROTOTYPE
A few single cell prototypes have been built and evaluated under a small exploratory research project [5] . The cell shape was chosen to be a cuboid 5"×5" and 2.5" high because it has better surface area per unit volume than a sphere (see Figure 6 ). The height was selected based on the triton range in argon at atmospheric pressure. All corners and edges were rounded to improve charge collection and for structural stability. A 20 micron electroplated nickel layer over 20 micron electroless cooper was used as gas barrier and cathode. The inner surface of the cells was laminated with 40 micron thick, 95% enriched, lithium film. Welding grade argon gas at one atmosphere pressure was used as the working gas. 
V. EXPERIMENTAL RESULTS
The 5"×5"×2.5" prototype pulse height spectra from neutron-induced reactions are shown in Figure 7 as a function of HV. The peak near the top of the scale is due to a 25fC calibrating charge pulse injected at the input. Its FWHM is a measure of the electronic noise. The spectrum shows well designated gamma and neutron regions of interest.
The corresponding counting characteristic versus HV bias (the plateau characteristic) is shown in Figure 8 . As the curve reaches a plateau, this indicates that we are collecting almost 100% of the created charge over a wide range of field intensities. Such a wide plateau is due to saturated electron velocity in pure argon over very wide range of field intensities [6] . The insensitivity of the counting efficiency to HV over a wide range allows further deformation of classical spherical geometry (shortening the height of the chamber in order to accommodate more layers of cells (giving higher efficiency per unit area) in the limited thickness of the detector body. Pure argon is not the best choice for this application however, because it is very sensitive to impurities and has a slow drift velocity of around 0.4 cm/µs leading to charge collection times of the order of tens of microseconds. This requires long shaping times susceptible to microphonic noise. In the section on the gas barrier we will describe the trade-off between constant drift velocity and other more important characteristics such as insensitivity to the gas mixture and shorter charge collection time. Fig. 9 . Gamma spectrum of 3.3mR/h/foot Cs-137 source at 2"distance from detector surface Figure 9 shows the pulse height spectrum from a neutron source in the presence of a gamma source. The gamma field at the detector surface exceeds the 10mR/h threshold specified by ANSI for false gamma alarms. Further reduction of the gamma sensitivity is expected by decreasing the metallization thickness to a few microns.
The single cell prototypes have demonstrated reasonable pulse height spectra with the neutron distribution well-separated from the noise and gammas. The gamma distribution is less than 10% of the maximum of the neutron pulse height distribution; the electronic noise is at about 1%. The calculated and measured efficiency are consistent for all prototypes and agree within 10%, as mentioned above.
Initial operation of the detectors with a sealed gas volume showed that the performance deteriorated with time. We believe that this was due to outgassing from the exposed areas of HDPE poisoning the working gas. This was probably exacerbated by the pre-treatment for the wet electroplating process.
Therefore, all measurements were done with continuous flow welding grade argon gas under atmospheric pressure. The efficiency of the detector prototypes has been measured again after a year in storage and found to be within few percent of the original measurement. This indicates that the lithium foil is still in good condition even in the presence of the impurities in the welding gas and the outgassing products of the HDPE.
VI. GAS BARRIER, MITIGATING OUTGASSING FROM HDPE
These detectors are required to work without changing the working gas over many years. The aging process in gaseous proportional counters has been intensively studied and is summarized in [7] . It is a shared opinion that the aging effects mainly affect the gas multiplication process, through polymer formation and impurity deposition on the wire surface. The level of degradation is proportional to the total charge density per unit surface of the anode wire [8] . Unlike proportional counters, this detector works with an electric field strength far below the avalanche threshold. Additionally it is meant to be used in a very low radiation field. Therefore we expect the aging effects to occur through changes of the working gas composition due to outgassing of the construction materials, mainly non-polymerized light hydrocarbons (methane, ethane, etc.) from the HDPE detector body material. Our strategy is to incorporate the outgassing products as a part of the working gas composition and find operating conditions where the electron velocity is not sensitive to the change. The desirable operating region, marked with a circle on Figure 10 , is seen better on Figure 11 , where the electron drift velocity is plotted against the concentration of methane for different field strengths. One can observe that the electron velocity changes less than 20% for methane concentrations between 3% and 15% at 0.07 V/cm/torr reduced field strength. The electron drift velocity is far from saturated, in contrast to the case of pure argon. By starting with a methane concentration of 3%, Figure 8 shows that the electron drift velocity will remain relatively constant, even if an additional 11% of hydrocarbon is added by outgassing. This represents an improvement of almost an order of magnitude higher electron velocity and insensitivity to methane concentration. However, this does require a more Gamma Rate = 213 cps
Neutrons Threshold =2fC
Neutron Rate = 0.55 cps homogeneous electrical field. The calculations with methane-ethane mixture show that electron drift velocity is more sensitive to the total concentration of hydrocarbons than the ratio between the components.
Our strategy will be to use an initial working gas that includes light hydrocarbons so that the build-up of outgassing products will not affect the electron velocity over the detector's lifetime.
A test vacuum chamber for measurement of outgassing with vacuum deposition metalized HDPE lids has been built. Gas residues were measured periodically as shown in Table I ) to this sparse data suggests a outgassing pressure that saturates at 2.6 torr or 0.5% of the initial working gas pressure. Outgassing at this level is not expected to lead to a severe degradation in performance. However, a primer coating of high performance polymer or surface treatment (fluorination) of the HDPE will reduce the outgassing level by an order of magnitude.
VII. FABRICATION TECHNOLOGY
We are exploring in parallel two basic fabrication technologies with different gas barriers: a) Functional vacuum deposition of metal film over the HDPE surface. An additional primer coating of high performance polymer with low outgassing, low gas permeation and high surface energy for good bonding to the metal film. The method is attractive because of its very low manufacturing cost. An analysis of the manufacturing process lead to an estimate of cost one order of magnitude lower than 3 He based systems [9] b) Deep drawing technology to use an impermeable metal sheet to form the detector cavities. This approach will form the detector body like a muffin tray with preassembled electrodes molded into a HDPE slab. This would then be laminated with lithium foil and sealed. This approach is more straightforward, but more costly because of the need for a special deep drawing tool.
VIII. CONCLUSION
The pulse mode ionization chamber has been applied to make a cost-effective, large area, neutron detector. The design of the lithium layer and moderator has been optimized with neutron transport calculations, which show that the resulting efficiency should be similar to that of conventional 3 He tube designs. Measurements on prototypes have confirmed the operating parameters and shown the effect of outgassing. New designs are being fabricated to overcome this problem and give a low cost, efficient, neutron detector capable of operating continuously over extended periods of time.
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